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Background
The hominid-specific non-LTR retrotransposon termed SINE VNTR Alu (SVA) is the youngest of the transposable elements in the human genome. The propagation of the most ancient SVA type A took place about 13.5 Myrs ago, and the youngest SVA types appeared in the human genome after the chimpanzee divergence. There are about 2700 insertions of the SVAs in human genome that are responsible for gene structural polymorphisms and modulation of gene expression, however functional and evolutionary significance of these insertions is not clear.
Results
Functional enrichment analysis of genes associated with SVA insertions demonstrated their link to multiple ontological categories attributed to brain function and the disorders. Moreover, SVA types that expanded their presence in the human genome at different stages of hominoid life history were also associated with progressively evolving behavioural features that indicated a potential impact of SVA propagation on a cognitive ability of a modern human. The SVA-associated genes were highly cross-linked in functional networks suggesting an accumulative impact of functional alterations potentially caused by SVA insertions. The analysis of functional networks also pointed to a relevance of SVA-associated genes to a hormonal and immune modulation of behaviour and a crosstalk between behaviour and reproduction, that would effects inheritable propagation of SVAs and their accumulation in the genome. The presence of functional positive and negative feedbacks in the SVA-associated functional network is discussed in relation to a role of suggested waves of SVA and potentially other mobile elements propagation in evolution of human cognitive features.
Conclusion
Our analysis suggests a potential role of SVAs in evolution of human CNS and especially emergence of functional trends relevant to social and parental behaviour. It also supports models which explain in part how brain function can be modulated by both the immune and reproductive systems based on the gene expression patterns and gene pathways potentially altered by SVA insertions.
Background
Genetic studies have been successful at determining the changes that alter pathways involved in evolution. Transposable elements (TEs), despite long being thought of as 'junk' DNA, have impacted the human genome during its evolution through a variety of mechanisms causing structural variation such as exon disruption, generation of deletions and integration sites, 3' or 5' transduction, non-allelic homologous recombination and exonisation (Beck, et al. 2011; Goodier and Kazazian 2008; Muotri, et al. 2007 ). Furthermore, TE insertions can supply the cell with novel splice sites, polyadenylation signals, promoters and regulatory domains, epigenetic marks and secondary structures that can reorganise gene expression and build new transcription modules which could underpin the process of evolution (Beck, et al. 2011; Hancks, et al. 2009; Hancks and Kazazian 2010; Piriyapongsa, et al. 2007; Quinn and Bubb 2014; Savage, et al. 2013; Savage, et al. 2014 ) but also cause disease (Kaer and Speek 2013) . Estimates have suggested over 1.5 million TEs in the human genome (Cordaux and Batzer 2009). Non-LTR retrotransposons constitute ~34% of the human genome (Beck, et al. 2011) , and a subset of these elements have retained the ability to be mobilised within the genome generating new insertions. They have the potential to cause both "de-novo" germline mutations and somatic mutations which are implicated in disease progression, particularly in cancer and the CNS (Erwin, et al. 2014; Reilly, et al. 2013 ) .
More than 10,000 TE insertions occurred in the human genome since human-chimpanzee divergence (Mills, et al. 2006) . The large number of such TEs in the genome makes an analysis of their specific contribution to evolution very difficult. However, to address this contribution we have focused on building networks of pathways based on the proximity of genes to the integration sites of the hominoid-specific retrotransposons termed SINE-VNTR-Alu (SVA) elements. SVA elements are the youngest of the retrotransposons, and there are approximately 2700 of these elements in the human genome (Cordaux and Batzer 2009; Savage, et al. 2013; Wang, et al. 2005) . They stand out from the group of human non-LTR retrotransposons due to their composite structure. Starting at the 5′-end, a full-length SVA element is composed of a (CCCTCT) hexamer repeat region, an Alu-like region consisting of three antisense Alu fragments adjacent to an additional sequence of unknown origin, at least one variable number of tandem repeats (VNTR) region (Ostertag, et al. 2003) , and a short interspersed element of retroviral origin (SINE-R) (Ono 1986) . A poly(A) tail is positioned downstream of the predicted conserved polyadenylation signal AATAAA (Ostertag, et al. 2003) .
Others and we have demonstrated that these SVA domains, in addition to mobilisation, have the properties of transcriptional regulators of gene expression both in vivo and in vitro (Savage, et al. 2013; Savage, et al. 2014; Zabolotneva, et al. 2012) , and that a significant number of SVAs are within 10kb of the major transcriptional start site of many genes (Savage, et al. 2013) . Therefore, SVA insertions established in the hominoid lineage could be responsible for altering the transcriptome in a developmental, tissue specific or stimulus inducible manner. The relatively low number of SVAs established in the genome allows for a model to determine the gene pathways likely to be affected by the SVA integrations.
SVAs are divided into subtypes A to F and F1, and their age was estimated at 13.56 million years (Myrs) for the oldest subtype (A) and 3.18 Myrs for the youngest subtype (F). Subtype D is by far the largest and encompasses 44% of all SVAs in the human genome. The most recent F1 subtype is the smallest group at 3%. Subtypes E, F and F1 are human-specific and correspond to the period since the human-chimpanzee divergence ~6 million years ago (Mills, et al. 2006) . Implication of SVAs in evolution of hominoid lineages leaves no doubts. After the human-chimpanzee divergence, the SVAs continued to expand within the chimpanzee genome creating a subtype unique to chimpanzees called SVA PtA (Wang, et al. 2005) . More recently, the family of gibbon-specific LAVA retrotransposons, derived from an SVA subtype A element, has been implicated in the molecular mechanism underpinning genome plasticity of the gibbon lineage (Carbone, et al. 2014) . It was reported that LAVA-induced premature transcriptional termination of chromosome segregation genes caused the high rate of chromosomal rearrangements experienced by the gibbon lineage since it diverged from the other apes about 17 Myrs. An analysis of the human and chimpanzee genomes revealed that 46537bp have been deleted from the human genome through the processes of SVA insertion-mediated deletions and SVA recombination associated deletions (Lee, et al. 2012) .
In this communication, we focus on the SVAs that are part of the human genome and address the functional relevance of human SVA-associated genes to neurological and cognitive processes to demonstrate SVA insertion and subtype appearance in evolution with the correlation of behavioural traits. Our data also support evidence that SVA insertions can have an impact in normal and pathological brain functioning (Richardson, et al. 2014; Upton, et al. 2015) .
Methods
Generation of the list of genes associated with SVA insertions
Genomic coordinates of all SVA loci in the human genome (Hg19 sequence) were extracted from the UCSC genome browser (http://genome.ucsc.edu/index.html). This included many SVA sequences that were fragmented in the Repeat Masker track; therefore this list was manually annotated to generate a list of coordinates of complete SVA sequences resulting in a total of 2676 of these elements encompassing the seven subtypes (Savage, et al. 2013) . The coordinates of all known genes and their transcripts were extracted from the UCSC genome browser, and Galaxy software (http://galaxyproject.org/) was used to generate coordinates of the 10-kb genomic regions flanking all known transcripts. Finally, the SVA loci were intersected with the three lists of genomic coordinates (all known genes, 10kb upstream and 10kb downstream of known genes). Duplicates were removed from each list individually. For functional enrichment analysis, the defined SVA coordinates have been used to produce a shorter list of GRch38 genes directly mapped via BIomart Martview service (www.biomart.org/biomart/martview/).
Ingenuity Pathway Analysis (IPA)
Ingenuity Pathway Analysis (IPA) software (Ingenuity Systems, Inc.) was used to investigate biological pathways and networks as well as disease functions associated with the data set (Gietzen 2010; IPA 2013; Jiménez-Marín, et al. 2009 ). The IPA database is composed of comprehensive information on genes and pathway ontologies. The database contains approximately 200 canonical pathways as well as 27 higher-order disease and function categories for 'Core' functional enrichment analysis. Right-tailed Fishers Exact statistical tests was used to calculate whether the likelihood of associations between a set of focus genes and a category was due to a random chance. This enabled evaluation of enriched functions in a pathway or higher order ontological categories and provided a hypergeometric distribution based network score and p-Values conveyed as the -log (Fisher's Exact Test). The tool enabled production of graphical networks that illustrated mapped genes as shadowed objects. Un-shadowed objects were added as connectors within a network, identified by the software. The behavioural categories used by IPA are largely originate from experiments on rodents and may seem as irrelevant to human. However, parallels between mice and human behavioural features are widely used in neurobiology, and we try to provide these parallelisms/explanations of relevance to human were appropriate.
Meta-analysis of gene expression.
'Genevestigator' (Grennan 2006; Hruz, et al. 2008; Zimmermann, et al. 2005 ) software was used to perform a meta-analysis of gene expression in different tissues and areas of the human brain. For each gene/tissue an average level of expression is determined via automated crossanalysis of normalised published Agilent microarray data, filtered for statistically significant values and stored in the Genevestigator database. The highest and lowest detected average expression levels define a 100-unit scale that is used for presentation of each gene/tissue related average expression value.
Results
Relevance of SVA-associated genes for functional categories of the neural system
Having coordinates of SVA insertions in human genome we aimed to identify if there are any functional biases in the associated gene set. We have confined our functional enrichment analysis to those genes, which imbed an SVA insertion. Though without significant enrichment, the top (from 2 nd to 6 th positions) ranked 'Canonical pathways' were uniformly relevant to neuronal functions including: 'Synaptic Long Term Potentiation', 'Synaptic Long Term Depression', 'Axonal Guidance
Signalling', 'Neuropathic Pain Signalling in Dorsal Horn Neurons' and 'CREB Signalling in Neurons'
( Table S3A ). The gene functions contributing to these canonical pathways were associated with the top five 'Functions and Diseases' categories , where 'Guidance of axons' and 'Synaptic processes'
were significantly enriched (Table S3B ).The presence of multiple top ranked neural system links was indicative of a potential impact of SVA insertions on neural system function at different stages of human cognitive and behavioural evolution. Moreover, significant enrichment of genes in a particular pathway or functional category could mean evolutionary functional stratification of the SVA insertions via positive selection of the relevant phenotypes. The results of our analysis overall do not suggest that neural system was the main target of SVA attack, as the significant enrichment was observed only for two relevant functional categories . However, it was still interesting to see if we could uncover any specific functional trends of potential SVA impact on human cognitive function.
Analysis of the functional enrichment of SVA-associated genes with neuronal functions.
To focus on potential significance of SVA insertions in function and evolution of neural system only genes representing relevant to CNS categories ('Behaviour', 'Nervous System Development & Function', 'Neurological Diseases' and 'Psychological Diseases' ) were selected (Tables S1 and S2 ) and ontologically classified by means of IPA (Table S4 ). The analysis of their biological functions showed a significant enrichment in categories of 'Morphology of nervous system' (-log(p-value)=17.9) (forebrain, and telencephalon, particularly), 'Development of central neural system' (-log(p-value)=16.3) (forebrain, and telencephalon, particularly), 'Formation of cellular protrusions' (-log(p-value)=12.2) and multiple categories relevant to axon growth and synaptic processes (-log(p-value)>5). From all the mapped Behavioural categories, 'Learning' and 'Social behaviour' were the most enriched (-log(p-value)>4.6) ( (Table S5 ) which potentially reflects their involvement in development of erect walking, characteristic of a chimpanzee-hominid phylogenetic branch ( Figure   1 ). Conversely, the functions of climbing activity-associated genes KCNJ6 (Potassium inwardlyrectifying channel, J6) and HTT (Huntingtin) could be modulated or suppressed by SVA A and B insertions very early in hominoid evolution (Table S5) . Alteration of the functionality of these genes overall could have had a strong impact on changing from climbing to the walking moving mode.
Mother preference associated gene OMP (Olfactory marker protein) was present in the SVA F subtype group as were the nursing and feeding associated genes ACOT11 (Acyl-CoA thioesterase) and MKL1 (Megakaryoblastic leukaemia (translocation) ( Table S5 ). These latter genes may be proposed for a role in the progression of maternal behaviour and neotenic features in human evolution ( Figure 1 ). Behavioural characteristics encoded by genes containing younger SVA elements are generally of a more executive nature (Table S5) Interestingly, 24 additional genes attributed to X-linked mental retardation were present in our SVAassociated data set (Table 2) . Categories relevant to X-linked mental retardation were significantly High expression levels of the SVA-associated genes, in particular of those with the youngest SVA subtypes (APL2, OMP, PSEN1, and ATG7, for instance) and few with older subtipes (Hpp) were also observed in the immune system. This was of interest given the current attention to the immune-CNS axis and how interactions between the immune system and CNS may not only regulate normal physiology but are also be associated with mental health issues. HTT was the only gene of the gene group associated with SVA A or SVA B elements that was strongly expressed in cells of the immune system.
Discussion
Retrotransposons have been suggested to be major drivers of genome evolution, both through structural variations such as insertional mutagenesis and modulation of the transcriptome.
For the latter, retrotransposons are a source of regulatory elements providing promoters (sense and antisense), binding sites for transcription factors and polyadenylation signals that could affect gene expression (Rebollo, et al. 2012) . SVAs can also induce an alternative splicing and exon skipping which can result in the generation of alternative transcripts of a gene as documented by disease causing insertions (Hancks and Kazazian 2012; Kaer and Speek 2013; Nakamura, et al. 2015) .
Furthermore, the SVA encoded SINE-R module contains human endogenous retrovirus HERV-K10
LTR sequences that are suggestively involved in the regulation of gene expression (Fairbanks, et al. 2012; Xing, et al. 2006 ); and at least in case of SVA D, they indeed supported reporter gene expression in vivo and in vitro (Savage, et al. 2013; Savage, et al. 2014 SVAs share many DNA sequence homologies across subtypes and, as a result, could respond to related or similar stimuli giving a concerted gene response to the environment or challenge. We have therefore focused on pathways involved in CNS function and predicted to be modulated by human genes encompassing or adjacent to SVA insertions. Our data has established that more primitive behavioural characteristics are prominent in the genes associated with the older SVA subtypes A, B and C. Results revealed a striking correlation between the timing of SVA insertions and functional significance of these associated genes at particular stages of hominoid evolution. For example, genes associated with SVA A and B insertions (which expanded contemporary to the divergence of the orang-utan and the great apes (Wang, et al. 2005) ), influence climbing ability. In contrast, genes containing SVA F insertions (which expanded after the human and chimpanzee divergence (Wang, et al. 2005) ) were found to affect more advanced motor skills such as walking ( Figure 1) . Similarly, the analysis revealed that complex behavioural characteristics (such as discriminatory learning, sexual, social and especially maternity care) correlated with the more recent SVA insertions (Figure 1 ). Meta-analysis of gene expression data revealed that genes associated with older SVA insertions are more strongly expressed in structures of the brain that evolved earlier, such as the pyramidal regions. It is also noteworthy that SVA F and F1 insertions were strongly associated with genes involved in the immune system which is considered a major modulator of CNS function, and in neuropsychiatric disorders such as autism, schizophrenia and depression [TC Network (2015) ]. Interestingly, increased brain size in mammals was also shown to be also associated with size variations in immune system-involved gene families (Castillo-Morales, et al.
2014
). Late age-related phenotypes of SVA insertions could also play a role in reduction of the reproductive age and general neotenisation of the human population.
SVA insertions could also have an influence on human gender-specific brain function via sensing hormonal backgrounds. The BRCA1 gene ( Figure 2B ), which is associated with an SVA F insertion, was shown to be in a functional cross talk with the oestrogen receptor ESR1 (Gorrini, et al. 2014; Kang, et al. 2012) . It is also known to have a strong role in a control of brain size (Pao, et al. 2014;  Pulvers and Huttner 2009), especially in regions responsible for learning, memory, muscle control and balance. Interestingly, progesterone-dependent transcription factor, PGR, which binding sites were shown to be enriched in ancient mammalian TEs (Lynch, et al. 2015) , was also associated with a network of genes with multiple intragenic SVA insertions (Figure 3 ).
There is an intriguing correlation in expression of many SVA-associated genes in brain and testis, and a very strong expression of some of these genes with behavioural phenotypes in oocytes. It may be relevant to regulation of the genes via putative alternative promoters (PAPs) (Kimura, et al. 2006) especially enriched in those tissues and potentially associated with SVA elements. Moderate expression of the majority of behavioural-SVA-associated genes in male germ cells (in contrast to only few, though strongly, expressed in oocyte) could make this cell type a particular source of SVAs are present in genes, which have been linked to different psychiatric conditions ranging from intellectual disability (mental retardation) to epilepsy and bipolar disorder (Figure 4 ). Human specific SVA insertions are known to be polymorphic for their presence or absence (Bennett, et al. 2004) , and with continued retrotransposition there are likely to be many private insertions within a population. The polymorphic nature of SVA elements is also exhibited in terms of the number of repeats within their central VNTR region and hexamer domains (Savage, et al. 2013) . VNTRs, as individual elements, are associated with the differential expression of genes involved in human behaviour such as those found with the genes encoding monoamine oxidase A, serotonin and dopamine transporters (Hill, et al. 2013; Lovejoy, et al. 2003; Michelhaugh, et al. 2001 ) and constitute risk factors for a variety of behavioural disorders and psychiatric diseases dependent on the copy number of the repeat present (Savage, et al. 2013 ) (Savage, et al. 2013 ) ( (Ali, et al. 2010; Breen, et al. 2008; Galindo, et al. 2011; Hill, et al. 2013; Klenova, et al. 2004; Paredes, et al. 2012; Pickles, et al. 2013; Roberts, et al. 2007; Vasiliou, et al. 2012) . Furthermore, the VNTR domain plays a major role in the trans-mobilisation of SVA elements by the L1-encoded protein machinery (Han, et al. 2004; Hancks and Kazazian 2010; Raiz, et al. 2012) . 
Conclusions
Our systems analysis suggests an impact of SVA retrotransposition on evolution and performance of human cognitive functions. It has revealed that insertions of members of the older SVA subtypes A-C occurred in genes involved in more primitive characteristics whereas younger SVA D-F1 insertions were present in genes linked to more sophisticated human-specific traits. SVA insertions were also found to be enriched in genes involved in networks and pathways relevant to neuronal function and CNS disorders. 
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Table S1 (Genes associated with SVAs classified to 4 categories relevant to neural system function) and Table S2 (SVA-associated Table S4 . Link of SVA-associated genes to neural system related ontological categories.
Shading represents an association between genes with particular types of SVAs (columns) with certain categories (rows). An enrichment in a category with (-log(p-value)>2.9) is highlighted in purple and (-log(p-value)> 4.6), in blue. Table S5 . Genes grouped by their associated behavioural categories and the SVA-types (a (SVA_A)-g(SVA_F1)). ADCY10  AKAP9,  CASP6,  GABBR2,  KCNJ6,  PHB,  PLCB4,  SMO,  TRA,  ULK4,  UNC13B   ARHGAP5,  CLCN3,  CNTN4,  DCLK1, DST,  FBXL20,  GRID1,  HDAC2,  HDAC4, HTT,  MAPK1,  MYO5A,  NCOR1,  NR1H2,  NRCAM,  NRXN1, OXT,   ALPL,  APBB2,  ATF2,  HEY2,  HYOU1,  LAMA2,  LRRK2,  MKKS,  PARG,  PTPN9,  RORA,  SIL1, STAR   ABL2, ADAM19, AGTPBP1, AHI1,  ALOX5, ANK2, ARHGAP35,  ASPA, ATP7A, ATP8A2, ATRX,  ATXN2, BRAF, C2CD3, CACNB4,  CAMK1D, CNTNAP2, CRB1,  CYP19A1, DDIT3, DIXDC1,  EIF2B3, EIF4G3, ELMO1,  ERBB2IP, ESR1, F2RL1, FAIM2,  FER, FGD4, FTO, FXN, GFRA2,  GNAQ, GPHN, IL1RAPL1, IL1RN,  JARID2, KIF15, LEPR, LILRB3,  LPAR4, LRP4, LRPAP1, MOS,  MTOR, MYH9, NCOR1, NFATC3,  NIPBL, NRXN1, NRXN2, OCLN,   ADIPOQ,  ANXA2,  ATP2C1,  CASP8,  CLIC4,  CREB1,  DST,  LFNG,  OPHN1,  UBR1,  VAV2   APAF1,  APLP2,  BRCA1,  CLIC4,  EIF2B4,  ERBB3,  FSTL1,  KALRN,  LEF1,  LRP2,  LRRC4C,  MYH10,  NPM1,  OMP,   ATG7,  CDK5RAP2,  CYP7B1,  HTR1E,  PTPN9,  SV2C PARD3,  PDS5B,  PRPH2,  RPGRIP1L,  SMAD2,  TACR3,  TRPM6,  UBR1, UBR2,  UTRN   PARK7, PBX3, PCMT1, PDGFRA,  PDS5B, PEX5, POR, PRKG1,  PTPN9, RBL1, RGS11,  RPGRIP1L, SCN8A, SHANK2,  SIL1, SLC17A5, SNTB2, SPTBN1,  SYNE2, SYTL4, TACC2, TENM4,  TRPV1, TRPV3, UBE4B, UBR1 AKAP11,CCHCR1,CNOT8,DEGS1,EIF5,ESF1,FAM21A,  IQGAP3,KIAA0196,KIAA1033,KLHDC4,KNTC1,LEPRE1,  NBAS,POLD2,PRR12,PUM1,RINT1,SCFD2,SEC61A1,  SEC61A2,SEC61G,SERPINA12,SLC39A14,STT3A,TSSC1,  TUSC3,TXNDC12, 1.07E-03  ACACB,AKAP13,ANKRD30A,ARHGAP32,ATG7,  BRCA1,CACNA2D1,CACNA2D2,CACNA2D3,  CALCOCO1,CAMK1D,CD86,CFTR,CLOCK,DAPK2,  DMXL1,DYSF,EIF2C3,FDPS,GABRB1,HCP5,IL4R,  KHDRBS1,KIAA0922,MAP4,NDUFAF2,PCSK6,  PDE3A ,PDE4B,PDE4D,PHF12,PHF3,PIP5K1C,  PPARG, PPP2R5E,PTPRJ,PVT1,RALB,RANBP17  ,RNF170, SEMA5B,SLC2A1,SLC2A13, SLC4A7,  SPEN, SPTBN1, ST3GAL3,SUCLG2, TATDN1,  TMEM163, TOP2B, TRIM5 Table S4 . Link of SVA-associated genes to neural system related ontological categories. Shading represents an association between genes with particular types of SVAs (columns) with certain categories (rows). An enrichment in a category with (-log(p-value)>2.9) is highlighted in purple and (-log(p-value)> 4.6), in blue. 
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